INTRODUCTION
Glucose administration has been shown to augment urinary calcium and magnesium excretion (1, 2) . This effect is clearly due to reduced net tubular reabsorption of Part of this work was published in abstract (J. Clin.
Invest., 1971. 50: 59a).
Received for publication 9 July 1973 and in revised form 22 October 1973. these divalent cations (3) , and in a previous study we presented evidence suggesting that this inhibition of reabsorption might occur, in part, in the distal tubule - (4) . However, since a large fraction of filtered sodium and calcium is reabsorbed proximally, and most physiologic stimuli alter proximal reabsorption of sodium and calcium in the same direction, the finding that glucose ingestion augments proximal sodium reabsorption (5, 6) made it difficult to accept an effect of glucose to inhibit calcium reabsorption in the distal tubule as a complete explanation for the observed calciuresis. The present experiments were designed to examine the effect of glucose on these interrelationships under circumstances in which urinary excretion rates of sodium as well as calcium and magnesium are increased (7) (8) (9) (10) , and in which proximal tubular sodium reabsorption is reportedly inhibited (11) , i.e. during chronic volume expansion induced by desoxycorticosterone acetate (DOCA)1 administration.
METHODS
Studies were carried out on 10 healthy men, with their informed consent, in the Medical College of Wisconsin Clinical Research Center. Each subject ate a constant normal diet (average composition shown-in Table I ) and 24-h urine specimens were collected except during days of clearance studies. After 5-10 control days, after overnight fasting, and during water diuresis, clearances of serum ultrafilterable calcium (UFc.) and magnesium (UFMg) were measured during three or four 20-min control clearance periods and during six subsequent 20- Despite constant diets and identical water loads, urine flow rates were higher during the escape studies. Urinary excretion rates of Na, Ca, Mg, Cl, P04, glucose, bicarbonate, and total solute were increased, while urinary osmolalities were similar. Since not all of these effects were apparent in the 24-h urine collections (see Fig. 1 ), we infer that the augmentation of water and solute excretion that follows water loading may be exaggerated during chronic volume expansion. 
NS
After escape from DOCA, the urine was significantly less acid and net renal acid excretion fell because of increased rates of bicarbonate excretion (Table II) . Table III shows that GFR (Ct..ii-) and the fractional excretion rates of Na, Cl, total solute, Ca, Mg, PO, HC03-, and glucose were higher after escape from DOCA. Fractional excretion -of calcium was increased in proportion to that of sodium, since the ratio CC./CN. did not change. The increase in fractional magnesium excretion, although statistically significant, was small and the ratio Cmg/CNS actually fell.
V/GFR, CN. + CH2o/GFR, and Curea/GFR all increased after escape, suggesting (in agreement with augmented fractional excretion rates of phosphate and glucose) increased delivery of glomerular filtrate from proximal nephron segments. No change in sodium reabsorption in diluting segments was discernable, as judged from unaltered CH20/V.
The effects of glucose before and after chronic ECF volume expansion. (Table II) . The changes in blood composition after glucose loading during the escape clearances were quantitatively identical and of similar statistical significance. Table V summarizes the changes in renal excretory rates that followed glucose ingestion in the clearances carried out before DOCA administration. Urine flow rates declined slightly, but not significantly, and the urine remained dilute. Urinary sodium excretion fell, but the decline was not statistically significant. Potassium excretion fell significantly. Urinary calcium and magnesium excretion rates rose significantly. The urine was acidified and net acid excretion rose as a result of increments in titratable acid and ammonium excretion and decrements in bicarbonate excretion. Chloride excretion fell in parallel to that of sodium. Phosphate excretion rose transiently and then returned to control rates. Glucose excretion rose. Total solute excretion fell but the decline did not reach statistical significance because of variation among subjects. Urea and inorganic sulfate excretion did not change while organic anion excretion rates tended to rise. GFR (Cia) rose, reaching rates significantly above control in the final two clearance periods after glucose.
The changes in urine composition after glucose ingestion during chronic volume expansion were similar with some quantitative differences. After escape (Fig.  2) , glucose loading induced a lesser degree of urinary acidification, a greater reduction in bicarbonate excretion, but equivalent increments in titratable acid and ammonium excretion, resulting in a greater increase in net acid excretion. Potassium excretion fell only transiently and to a lesser extent.
Figs. 3, 4, and 5 compare additional data for the clearances before and after DOCA escape. As shown in Fig. 3 , glucose tolerance was normal in both phases of the study. The biphasic rise in fractional glucose excretion resulted from combining the results for the seven subjects who ingested glucose and the three subjects who received glucose and insulin intravenously. ently in each study, returning to control in the periods 60-120 min after glucose. Fractional bicarbonate excretion fell to a greater extent in the escape studies (P < 0.02). Fig. 4 shows that fractional excretion rates of calcium and magnesium increased after glucose loading, the increments being similar before and after chronic volume expansion. The increments in divalent cation excretion occurred despite simultaneous reductions in fractional sodium excretion. Fractional sodium excretion was reduced to a greater extent during the DOCA escape studies (P < 0.05).
As shown in Fig. 5 , the urine was similarly dilute before and during chronic volume expansion and remained so after glucose loading. In response to glucose administration, V/GFR and CNa + CH2o/GFR fell, but this was (1, 2) . Other rapidly metabolizable substrates also induce this effect (1) . The mechanism that causes this response and the site(s) along the nephron where it occurs have been obscure. The present studies, taken with recent observations of the role of glucose and amino acids in the generation of transtubular electrical potentials (14) , offer a possible explanation.
In earlier studies of glucose-induced calciuria and magnesuria, we attempted to draw inferences about possible tubular sites at which calcium and magnesium reabsorption are inhibited by reference to simultaneous effects on sodium reabsorption. During water diuresis, changes in the relationship between sodium and water reabsorption can be used to indicate changes in sodium reabsorption in the proximal tubule and at diluting sites, while changes in acid and potassium excretion yield information about the activity of distal tubular cation exchange. No similar indirect means of evaluating segmental' calcium and magnesium reabsorption are available. By such analogies, we have argued that the inhibition of tubular calcium and magnesium reabsorption that follows glucose loading might be a distal effect (3) . Net tubular sodium reabsorption is consistently aug- mented by a glucose load, and previous studies suggested that this was the result of increased fractional reabsorption in the proximal tubule (4) . In many physiological circumstances, proximal reabsorption of sodium, calcium, and magnesium appear to vary directly (15, 16) . On the other hand, the sum of urinary potassium and acid excretion falls after glucose loading (Fig. 2) , suggesting inhibition of sodium reabsorption at the distal cation exchange site. We speculated that glucose loading might also inhibit calcium and magnesium reabsorption at this distal site. Significant correlation between increments in urinary calcium and magnesium excretion and increments in organic acid excretion led us to question whether increased capillary delivery of glucose and its subsequent metabolism by distal nephron segments might alter cell energetics and somehow inhibit cation transport (3, 4) . The results of the present study do not exclude this possibility and, indeed, distal inhibition of calcium and magnesium reabsorption may be one effect of glucose loading. The present studies were designed to permit a more critical evaluation of the effects of glucose loads on fractional reabsorption by the proximal tubule. Chronic mineralocorticoid excess induces initial sodium retention, followed by escape from this effect, attributed to the development of inhibition of sodium reabsorption at proximal and/or distal tubular sites (11, 17) . Mineralocorticoid excess also-induces a progressive rise in urinary calcium excretion that continues after the escape phenomenon (18) . We observed the responses to glucose loads in normal men before beginning DOCA administration and after escape from its sodium-retaining action. The design of the study allowed us to examine the effects of DOCA administration alone on urinary composition and tubular function. The escape from DOCA-induced sodium retention, as observed in the 24-h urine collections, was accompanied by a progressive rise in calcium excretion, no change in phosphorus excretion, and a return of urine volume and sodium excretion rates to control levels. We also found no change in magnesium excretion. Hypomagnesemia and magnesuria occur commonly in patients with primary hyperaldosteronism. We have no explanation for this discrepancy, but would speculate that the~duration of mineralocorticoid excess may play a role. Since phosphorus is believed to be reabsorbed primarily in the proximal tubule, the failure to find any increase in phosphorus excretion during escape suggests that fractional proximal reabsorption was not inhibited, as others have proposed S' 8. Is.
E/F P04 . GFR, and CH,0/V during clearances before and after DOCA escape. Glucose administered at zero time. (18) . By contrast, when we compared the clearance periods before glucose administration during the normal steady state with these same periods after DOCA escape, chronic volume expansion appeared to inhibit fractional proximal reabsorption significantly, as reported by Alexander, Doner, Auld, and Levinsky (11). This was suggested by significant increases in Curoa/GFR and in V/GFR, CN. + CHso/GFR, and urinary phosphorus and glucose excretion. V, UNaV, and UMgV were also significantly increased, although they were not above control rates in the 24-h urine collections. These discrepancies cause us to question whether the observed fall in fractional proximal reabsorption evident in the clearance measurements may not have been the result of an exaggerated response to water loading during chronic volume expansion, rather than a direct expression of the mechanism causing escape from DOCA-induced sodium retention. Since CH2o/V did not change after escape, an absolute reduction in distal sodium reabsorption could not be inferred. 2 Glucose administration resulted in augmented proximal tubular reabsorption of sodium both before and after DOCA escape, as inferred from reductions in V/GFR and CNa + CH2o/GFR. This was most striking 'Since Ca2o/V is dependent upon distal sodium delivery (19) , failure to find changes in CH20/V when distal delivery was increased (e.g. after DOCA escape), or decreased, (e.g. after glucose loading), might indicate relative inhibition and augmentation of sodium reabsorption at the diluting site, respectively. after DOCA escape. No change in fractional sodium reabsorption in diluting segments was apparent in either circumstance, since CHso/V was not affected.2 These results with respect to changes in segmental tubular sodium reabsorption after glucose agree with earlier studies in subjects starved for days (5, 6) . In the normal steady state, glucose administration was followed by a fall in the sum of urinary net acid and potassium excretion, as previously described (4). After escape from DOCA, the striking fall in bicarbonate excretion after glucose administration precluded estimation of the activity of the distal cation exchange site, since we could not distinguish between augmented proximal reabsorption of NaHCO3 (via H' secretion) and distal bicarbonate titration. It is well known that glucose competes with phosphate for proximal tubular reabsorption (20) . Thus the marked fall in fractional tubular reabsorption of phosphate after glucose loading can be accounted for on the basis of this effect and does not contradict the other evidence cited for augmented proximal reabsorption of sodium and water.
There was significant correlation between the increments in urinary organic acid and UcaV (r = + 0.45, P = 0.001) and UmgV (r = + 0.52, P = 0.001) after glucose loading both before and after DOCA escape. The augmented excretion rates of calcium and magnesium after glucose loading were similar before and after DOCA escape and were simply additive to the effects of chronic volume expansion alone. 14.
CNo+ CH20 21 . TG/GFR IuM/min/ml FIGURE 7 Correlation of fractional sodium excretion with fractional glucose reabsorption during the experimental clearance periods before and after DOCA escape. Open symbols indicate subjects given oral glucose. Closed symbols indicate subjects given glucose and insulin intravenously.
Correlations between tubular glucose and sodium reabsorption were evident both before and after glucose administration and these relationships were altered by chronic volume expansion. At normal rates of glucose filtration (i.e. before glucose loading) urinary sodium concentrations (UJN,) were an inverse linear function of urinary glucose concentrations (UG) as shown for the studies before volume expansion in Fig. 6 The variations in fractional glucose reabsorption (TG/GFR) which followed glucose loading were inversely correlated with fractional sodium excretion (CNa/100 ml GFR) as illustrated in Fig. 7 , separately for the clearances before and after DOCA escape. This relationship was also examined for each subject by calculation of the slope of the individual regressions of E/F Na on TG/GFR. For the studies before DOCA the mean slope for the group was not significantly different from zero (-0.05+0.02; 0.1 > P > 0.05). For the studies after DOCA escape, the mean slope was negative and significantly different from zero (-0.23±(0.07; P < 0.01). Kurtzman, White, Rogers, and Flynn found a similar inverse correlation in dogs infused with glucose at rates sufficient to insure that at least 50% of filtered glucose was excreted when CNa/100 ml GFR was caused to vary by acute volume expansion or constriction of the inferior vena cava (22) . Perfusion of proximal tubules of the newt kidney with glucose-containing solutions produces a concentration-related increase in transtubular potential difference, lumen negative, consistent with augmentation of active sodium transport (23) . More recently, Kokko (14) has shown that isolated rabbit proximal tubules perfused with solutions containing glucose, alanine, and bicarbonate (as well as NaCl) have a mean potential difference of -5.8±0.2 mV (lumen negative). When glucose and alanine were omitted from the perfusate and the HCOs-concentration reduced to 5.6 meq/liter, the potential difference changed to a mean of + 3.2±0.2 mV. Such conditions have been shown to exist beyond the earlier portion of the proximal tubule of rats (24) . The positive potential difference existing beyond the early proximal tubule appears to result from a chloride diffusion potential and would be expected to facilitate the reabsorption of cations. Based on Kokko's model, it is conceivable that increasing glucose (or amino acid) delivery to the proximal tubule might allow glucose ( (25) . Clearly, this hypothesis would require that the delay of the appearance of a positive potential difference override the opposing effects of rising intratubular calcium and magnesium concentrations and the longer time of contact with the absorbing membrane, expected as a result of increased fractional reabsorption of sodium (and water). Micropuncture data will be required to test this possibility critically.
